Introduction: HIV treatment guidelines now recommend antiretroviral therapy (ART) initiation regardless of CD4 count to maximize benefit both for the individual and society. It is unknown whether the initiation of ART at higher CD4 counts would affect adherence levels. We investigated whether initiating ART at higher CD4 counts was associated with sub-optimal adherence (<95%) during the first 12 months of ART. Methods: A prospective cohort study nested within a two-arm cluster-randomized trial of universal test and treat was implemented from March 2012 to June 2016 to measure the impact of ART on HIV incidence in rural KwaZulu-Natal. ART was initiated regardless of CD4 count in the intervention arm and according to national guidelines in the control arm. ART adherence was measured monthly using a visual analogue scale (VAS) and pill counts (PC). HIV viral load was measured at ART initiation, three and six months, and six-monthly thereafter. We pooled data from participants in both arms and used random-effects logistic regression models to examine the association between CD4 count at ART initiation and sub-optimal adherence, and assessed if adherence levels were associated with virological suppression. Results: Among 900 individuals who initiated ART ≥12 months before study end, median (IQR) CD4 at ART initiation was 350 cells/mm 3 (234, 503); median age was 34.6 years (IQR 27.4 to 46.4) and 71.7% were female. Adherence was sub-optimal in 14.7% of visits as measured by VAS and 20.7% by PC. In both the crude analyses and after adjusting for potential confounders, adherence was not significantly associated with CD4 count at ART initiation (adjusted OR for linear trend in suboptimal adherence with every 100 cells/mm 3 increase in CD4 count: 1.00, 95% CI 0.95 to 1.05, for VAS, and 1.03, 95% CI 0.99 to 1.07, for PC). Virological suppression at 12 months was 97%. Optimal adherence by both measures was significantly associated with virological suppression (p < 0.001 for VAS; p = 0.006 for PC). Conclusions: We found no evidence that higher CD4 counts at ART initiation were associated with sub-optimal ART adherence in the first 12 months. Our findings should alleviate concerns about adherence in individuals initiating ART at higher CD4 counts, however long-term outcomes are needed. ClinicalTrials.gov NCT01509508.
| INTRODUCTION
The most recent WHO antiretroviral therapy (ART) guidelines recommend ART initiation regardless of CD4 count [1] based on the findings from two randomized trials of early ART initiation [2, 3] . This has now been adopted by South Africa [4] , the country with the biggest HIV burden and treatment programme globally. Currently, there is a lack of good quality data on ART adherence at high CD4 counts (CD > 350 cells/mm 3 ) in the African setting. In the TEMPRANO trial conducted in Ivory Coast, virological suppression 12 months post-ART initiation was achieved in 84% and 80% in the immediate (CD4 ≤ 800 cells/mm 3 ) and deferred ART (initially CD4 < 200 cells/mm 3 until 2013, then 500 cells/mm 3 afterwards) arm, respectively [2] . These findings would suggest that adherence levels were equal in both groups, although adherence was not reported in the trial. Findings from two of three studies in the African setting that compared adherence in individuals initiating ART at high CD4 count with those initiating at lower CD4 counts were contradictory [5, 6] . Furthermore, these two studies evaluated adherence in patients who were on an ART regimen based mainly on a thymidine analogue backbone (zidovudine or stavudine), known to be less tolerable than tenofovir-based regimens [7] .
ART adherence is critical in order to achieve the third 90 of the UNAIDS 90-90-90 target: 90% of all people living with HIV being diagnosed, 90% of diagnosed individuals being on ART, and 90% of those on ART being virologically suppressed [8] . However, concern has been expressed that individuals offered ART at higher CD4 counts, with relatively preserved immune function, may not be motivated to adhere to ART as most would be asymptomatic and healthy, hence may not perceive ART to be of immediate benefit to their own health. This could be the case especially in low income settings where people often have competing beliefs about medication taking as well as priorities around economic resources [9] .
In this paper, we examine ART adherence in a nested cohort study within the ANRS Treatment as Prevention Trial. The strength of this design is that individuals initiated ART based on the initiation criteria assigned to the cluster in which they were resident rather than self-selecting when to start ART.
We hypothesized that individuals initiating ART at higher CD4 counts would be more likely to have sub-optimal adherence than individuals initiating ART at lower CD4 counts. We quantified adherence using two different adherence measurement tools. We examined whether CD4 count at ART initiation was associated with sub-optimal adherence during the first 12 months of ART and assessed which measures of adherence adequately predicted virological suppression at 12 months.
| METHODS

| Ethics statement
The main trial was approved by the Biomedical Research Ethics Committee (BFC 104/11) of the University of KwaZulu-Natal and the Medicines Control Council of South Africa. (ClinicalTrials.gov: NCT01509508; South African National Clinical Trials Register: DOH-27-0512-3974). The nested cohort study received additional approval from University College London Research Ethics Committee (Project ID: 6604/ 001). All participants provided written or witnessed thumbprint informed consent.
| Study design and participants
The investigations were conducted within a prospective cohort study nested within a cluster-randomized trial implemented in 22 clusters (2 9 11) from March 2012 to June 2016 to investigate the impact of ART on population HIV incidence in the Hlabisa sub-district in rural KwaZulu-Natal [10] . This is a rural setting with scattered homesteads and an estimated HIV prevalence of 30.5% [11] . Control arm participants were offered ART according to the South African guidelines (CD4 count ≤350 at trial start, then CD4 count ≤500 from January 2015). Those in the intervention arm were offered ART regardless of CD4 count. The trial protocol has been described previously [12] . In this cohort study, sub-optimal adherence was examined according to CD4 count at ART initiation, irrespective of arm in trial. Individuals were eligible for inclusion in the cohort if aged ≥16 years, and had initiated ART at least 12 months prior to database closure on 30 June 2016.
| Procedures
Six-monthly home-based HIV counselling and testing (HCT) using rapid test technology was offered to resident members of the trial communities using a serial testing algorithm [13] . Individuals identified HIV positive were referred to trial clinics located in each of the 22 clusters. HIV-positive participants enrolled in trial clinics were asked to provide written consent to complete case report forms and provide blood specimens for viral load (VL) testing. ART was offered according to cluster allocation. All participants had point-ofcare CD4 measurement (Alere Pima CD4 test, Alere, Waltham, MA, US); those eligible for ART attended adherence and ART literacy sessions and were offered ART within two weeks of the baseline visit, or sooner if severely immunocompromised. The single tablet regimen, Atripla (comprising tenofovir, emtricitabine & efavirenz) was used for first-line ART, except if clinically contraindicated such as in renal disease. Second-line ART was informed by the results of genotypic resistance tests in participants failing first-line ART (VL > 1000 copies/ml measured three months apart after ≥six months on ART).
Participants receiving ART were evaluated monthly for adherence measurement and ART prescription. Scheduled safety monitoring of blood (urea, electrolytes, creatinine, liver function tests, full blood count) and HIV VL measurements (Abbott m2000 RealTime System, Abbott Molecular, Des Plaines, IL, US) occurred at the first visit, three and six months after ART initiation, and every 6 months thereafter. Participants were also encouraged to attend the clinic at unscheduled visits if they had clinical complaints.
Patients not yet eligible for ART in the control clusters were asked to return to the study clinic in four to six months for reassessment of ART eligibility. A participant missing a clinic appointment was contacted by telephone, and, when possible, a new appointment was scheduled. Those not contacted by phone were followed up with home visits carried out by trackers. Participants who did not attend within 90 days of their last clinic appointment and who could not be contacted were considered lost to follow-up.
| Definition of outcome and exposure variables
Adherence was measured using both a visual analogue scale (VAS) and pill counts (PC) at each scheduled visit.
The VAS was represented by a horizontal line with ends at 0 and 100. Participants were asked to put a mark on the scale which best reflected their adherence in the previous four days. Adherence was categorized as sub-optimal if the VAS was <95%.
PC adherence was calculated [(N tablets issued À N tablets returned)/N tablets expected to have been taken]*100.
Adherence was considered sub-optimal if PC adherence was <95% or >105%.
CD4 cell count at ART initiation was the primary exposure variable.
| Statistical analysis
Baseline characteristics were tabulated by sex.
Adherence at each visit was plotted over the first 12 months after ART initiation; during this period, adherence was expected to be documented at 14 visits (2, 4, 8, 12, 16, 20, 24, 28, 32, 36, 40, 44 , 48, 52 weeks post-ART initiation) for those who remained in the trial for the 12 months. The number of expected visits was lower among those who exited the trial earlier than 12 months.
Random effects logistic regression was used to examine the association between CD4 count at initiation and sub-optimal adherence at each visit. All models included a priori an indicator for trial arm, a fixed effect for time since ART start, a random coefficient (slope) for time at the individual level, and random intercepts at both the clinic and the individual-withinclinic levels.
CD4 count at ART initiation was analysed as a continuous covariate. In order to allow for non-linear relationships between CD4 count and adherence, we used fractional polynomial (FP) functions [14] . Fractional polynomials provide a flexible way to model the shape of the relationship of a continuous variable with the outcome. We used a set of defined powers (À2, À1, À0.5, 0.5, 1, 2 and ln(x)) and a maximum of two power terms in the model. The differences in model deviances were compared; the linear model was used if the improvement in fit was not statistically significant at p < 0.05. Time in trial and age at ART initiation were handled in a similar manner. Other continuous exposure variables (distance to clinic, selfreported health status) were categorized, a priori, into binary variables above and below their median values. We used the validated Patient Health Questionnaire (PHQ4) scale published in the literature for screening of depression [15] .
In the final multivariable analysis, we adjusted for potential confounders commonly cited in the literature [16, 17] . We tested for interactions between CD4 count and trial arm, CD4 count and time in trial, and CD4 count and sex, to assess whether the effect of CD4 count on adherence depended on trial arm, time or on sex. Likelihood ratio tests were used to derive p-values.
We also assessed whether mean VAS or PC score in each individual during the first 12 months of ART was associated with virological suppression at 12 months. Participants were considered to be virologically suppressed if their viral load was below 400 copies/ml; the viral load measurement taken closest to the 12-month time point, within a AEthree-month window, was used for the assessment. Mean adherence scores were calculated for each participant by taking the mean of the observed adherence scores at each visit. Adherence measures were classified into three (VAS) and four (PC) categories to explore relationship with virological suppression. As a sensitivity analysis, we examined the association of mean adherence during the first six months on ART with virological suppression at six months.
All statistical analyses were undertaken using Stata 15 (StataCorp LLC, College Station, Texas 77845, USA).
| RESULTS
| Cohort characteristics
A total of 1547 ART-na€ ıve (self-reported never being on ART) individuals were enrolled in trial clinics, of whom 1198 initiated ART. Of the 926 who initiated ART at least 12 months before database closure, 900 had at least one adherence measurement (VAS or Pill count) during the 12-month period and were included in the analyses ( Figure 1 ). Of the 900 individuals who were included in the analysis, 72% were female. Median age was 34.6 (IQR 27.4 to 49.5); females were younger than males (median 33.3 years vs. 36.7 years, respectively). Educational attainment was low, with 42% of women and 45% of men having only primary education. A large proportion of the population was unemployed (84% women vs. 73% men). The median CD4 count at ART initiation was 350 (IQR 234 to 503) ( Table 1) .
| Comparison of adherence measurements
Of the 7945 visits where participants had both VAS and PC measurements, the two measurements were concordant in 6493 (81.7%) of visits, with adherence classified as optimum according to both measures in 73.5% of visits, and suboptimal in 8.2% of visits. VAS and PC were discordant in 18.3% of visits; adherence was optimal on PC but sub-optimal on VAS in Table 1 . Characteristics of individuals included in the analysis during the first 12 months' adherence analysis using visual analogue scale and pill count 25112 5.8% of visits, and sub-optimal on PC but optimal on VAS in 12.5% of visits.
3.3 | Association between CD4 count at initiation and visual analogue scale adherence <95% during the first 12 months
The 900 participants had 8874 (77.1%) visits with VAS adherence measurements, of the 11,507 expected visits in the 12-month period. VAS adherence was optimal (≥95%) in 7566 (85.3%) of these 8874 visits ( Figure S1 ). The median number of visits per individual was 11 (IQR 10 to 12). In the crude analysis, and after adjusting for potential confounders, there was no evidence of an association between CD4 count at ART initiation and sub-optimal VAS adherence during the first 12 months on ART (adjusted (a)OR for linear trend in sub-optimal adherence with every 100 cells/mm 3 increase in CD4 count = 1.00, 95% CI 0.95 to 1.05, p = 0.96; Table 2 ). The results of the FP models showed that the linear model adequately described the relationship between CD4 count and VAS adherence. There was no evidence that the effect of CD4 count on VAS adherence differed between trial arms, between men and women, or with time in the trial (p-values for interaction = 0.06, 0.17, and 0.29, respectively).
In the final model, there was strong evidence of an association of male sex with sub-optimal VAS adherence (aOR 2.29, 95% CI 1.80 to 2.90, p < 0.001). Being on a single tablet ART regimen was associated with a lower odds of sub-optimal adherence (aOR 0.40, 95% CI 0.24 to 0.67, compared with those on separate tablet regimen; p < 0.001). In addition, there was some evidence that individuals who did not have food insecurity were less likely to have sub-optimal adherence (aOR 0.76, 95% CI 0.60 to 0.97, p = 0.06). There was no evidence of association of time on ART (p = 0.54), or of trial arm (p = 0.51), with sub-optimal adherence as measured by VAS.
3.4 | Association between CD4 count at initiation and sub-optimal pill count adherence during the first 12 months
Of the 900 participants in the current study, four had no pill count adherence measurements. The 896 participants had PC adherence measurements at 8014 (69.8%) of the 11,475 ¥ORs estimated from random effects logistic regression, with a fixed effect for time, a random coefficient for time at the individual level, and random intercepts at both the cluster and the individual-within-cluster level. &adjusted for age, sex, marital status, employment, whether on fixed dose combination of ART, food insecurity, distance to clinic, worried about side-effects, agree that ART will improve health, status disclosure to anyone and selfreported health status and trial arm.
a Odds ratio for linear trend in sub-optimal adherence with every 100-unit increase in CD4 count at initiation. Odds ratio for linear trend in sub-optimal adherence with every 5-year increase in age. Odds ratio for linear trend in sub-optimal adherence with every month on ART. Distance to the nearest TasP clinic: obtained by measuring the distance as the crow flies from the participant's home (GPS coordinates) to the trial clinic (GPS coordinates) in their cluster. Depression (assessed using the Patient Health Questionnaire (PHQ)-4 scale rated as normal (0 to 2), mild (3 to 5), moderate (6 to 8) and severe (9 to 12), [15] . Self-reported health status (as measured using a scale ranging from 0 to 100% in which 0 represents poor health and 100% represents excellent health). Food insecurity (as measured by whether skipped meals in last 12 months or not). ART treatment perception (through three questions concerning the participant's attitudes about ART). expected visits in the 12-month period. PC adherence was optimal in 6352 (79.3%) of these visits, and was >105% in 5.9% of visits ( Figure S2 ). The median number of visits with PC adherence data per individual was 11 (IQR 9 to 12). In the crude analysis, and after adjusting for potential confounders, there was no evidence of an association between CD4 count at ART initiation and sub-optimal adherence as measured by PC during the first 12 months on ART (aOR for linear trend in sub-optimal adherence with every 100 cells/mm 3 increase in CD4 count = 1.03, 95% CI 0.99 to 1.07, p = 0.21). The results of the FP models showed that the linear model adequately described the relationship between CD4 count and PC adherence. There was no evidence that the effect of CD4 count on PC adherence differed between trial arms, between men and women, or with time in the trial (p-values for interaction = 0.26, 0.09, and 0.22, respectively).
In the final model, as with VAS adherence, there was strong evidence of an association of male sex with sub-optimal PC adherence. Similarly, being on a single tablet ART regimen was associated with a lower odds of sub-optimal adherence. Unlike with VAS adherence, there was strong evidence that sub-optimal PC adherence increased with increasing time on ART (aOR for linear trend in sub-optimal adherence with every month on ART = 1.04, 95% CI 1.02 to 1.06, p < 0.001).
However, there was no evidence of an association with trial arm (p = 0.17) ( Table 3) .
| Relationship between adherence and virological suppression at 12 months
Of 664 individuals with viral load data at 12 months, 644 (97%) achieved virological suppression. Of the 568 individuals with mean VAS adherence ≥95%, 557 (98%) achieved virological suppression at 12 months compared to 86/94 (91%) in those with <95% adherence (p < 0.001; Figure 2 ). When adherence was measured by PC, optimal adherence (95 to 105%) was also predictive of higher odds of virological suppression (98%) compared to those with lower levels of adherence (Figure 2 ). Of note, only 83% with adherence ≥105% as measured by PC achieved virological suppression at 12 months. Similar patterns were seen with virological suppression at six months ( Figure S3 ).
| DISCUSSION
In this cohort analysis of participants enrolled in a cluster randomized trial, the majority of whom were female, we found no ¥ORs estimated from random effects logistic regression, with a fixed effect for time, a random coefficient for time at the individual level, and random intercepts at both the cluster and the individual-within-cluster level. &adjusted for age, sex, marital status, employment, whether on fixed dose combination of ART, food insecurity, distance to clinic, worried about side-effects, agree that ART will improve health, status disclosure to anyone and self-reported health status and trial arm. *Odds ratio for linear trend in sub-optimal adherence with every 100-unit increase in CD4 count at initiation. #Odds ratio for linear trend in sub-optimal adherence with every 5-year increase in age. bOdds ratio for linear trend in suboptimal adherence with every month on ART. Distance to the nearest TasP clinic: obtained by measuring the distance as the crow flies from the participant's home (GPS coordinates) to the trial clinic (GPS coordinates) in their cluster. Depression (assessed using the Patient Health Questionnaire (PHQ)-4 scale rated as normal (0 to 2), mild (3 to 5), moderate (6 to 8) and severe (9 to 12), [15] . Self-reported health status (as measured using a scale ranging from 0 to 100% in which 0 represents poor health and 100% represents excellent health). Food insecurity (as measured by whether skipped meals in last 12 months or not). ART treatment perception (through three questions concerning the participant's attitudes about ART). evidence of a significant association between CD4 count at ART initiation and sub-optimal adherence measured by either VAS or PC during the first 12 months of ART. Adherence measured by VAS and PC was sub-optimal in 15% and 21% of visits respectively during the first 12 months of ART. Virological suppression was high overall with optimal adherence by both measures being associated with virological suppression at 12 months. We identified only two studies in the African setting, the first a retrospective and the other a cross-sectional study that [5, 6] assessed risk factors for adherence in individuals who initiated ART at CD4 count >350 cells/mm 3 compared to those with lower CD4 counts. The retrospective study [5] reported an association between higher CD4 count at initiation and adherence <95% whilst the cross-sectional study [6] found no association between CD4 count at initiation and adherence. In both studies, the reference group comprised individuals with advanced HIV disease based on the reported median CD4 count at ART initiation. Our cohort comprised individuals with a higher median CD4 count at ART initiation than in those studies and findings corroborate that seen in high income countries reported in the systematic review by Bock et al. [18] . WHO recommends universal test and treat for HIV [1] ; South Africa has already adopted this recommendation [4] but there are no data on adherence in people initiating ART at high CD4 counts (CD4 > 350) in the African setting. With the new treatment guidelines, the median CD4 count at which individuals initiate ART is likely to rise to levels observed in our cohort. However, a meta-analysis covering the period from January 2002 to Dec 2013 showed that the CD4 count at presentation for HIV care has increased in South Africa but the CD4 count at ART initiation has remained unchanged at a mean of 123 cells/mm 3 [18] . One of the WHO's early warning indicators for development of HIV drug resistance is the proportion of pills picked up on time during the first 12 months of ART which serves as a proxy for adherence. The proportion of study visits with optimal adherence during the first 12 months of ART falls just under the >90% WHO recommendation [19] despite the high proportion of participants who were virologically suppressed.
Using either adherence measure, men had more than double the odds of sub-optimal adherence compared with women, similar to findings reported in two studies in Tanzania [20] and South Africa [21] . We observed a high out-migration rate which was cyclical in nature within the TasP trial. In the population adjacent to the TasP communities, a higher outmigration rate has been reported for men compared to women [22] . This could have contributed to the poorer adherence seen in men than women in our study. The majority of studies have reported no sex difference with respect to adherence [23] [24] [25] [26] [27] [28] , with one meta-analysis reporting a marginal association of male sex with higher adherence [17] .
Individuals who were on a single tablet ART regimen (fixed dose combination of tenofovir, emtricitabine and efavirenz) compared to those taking separate tablet regimen (mainly zidovudine, lamivudine and efavirenz) had a lower odds of sub-optimal adherence. This could be due to the better tolerability profile of tenofovir-based ART regimen than zidovudine-based ART combination [7] Furthermore, the once daily tenofovir based ART combination could have made adherence easier than zidovudine-based ART which had to be taken twice daily.
We found that food insecurity was associated with sub-optimal adherence, similar to findings in Namibia amongst individuals attending a public ART programme [29] . The relationship between food insecurity and poor adherence has also been reported in high-income countries [30, 31] . Patients who have missed doses have often cited not having food at home as a reason for missing doses because of the prevailing perception that it is bad to take their drugs on an empty stomach. This anecdotal observation has been confirmed in formal qualitative studies [32, 33] and should be discussed when preparing patients for ART initiation.
Although there is no gold standard measure of adherence [34], we found both VAS and Pill count adherence to be predictive of virological suppression. However, there were differences between both tools. Although we found high agreement between the two measures, overall adherence as measured by PC was lower than that of VAS suggesting there is an intrinsic error associated with the use of each tool [35] . PC adherence was missing in 30% of visits whilst 23% of visits had missing VAS adherence. Participants frequently forgot to bring in their pill bottles, or the health care provider did not take the measure. Pill count adherence was >105% in 6% of visits; this apparent "over-adherence" predicted poor virological suppression so may likely have been owing to participants discarding pills prior to their clinic appointment [35] . The ease of use of the VAS would suggest it is preferable in the busy clinical setting of HIV clinics in South Africa and elsewhere. However, unlike with VAS adherence, we found an association between increased time on ART and increased odds of suboptimal adherence when using PC adherence in the relatively short duration of our study. A recent multicentre prospective study showed that good adherence during the first four months of ART made undetectable viral load more than three times likely over a 12 year period [36] . This highlights that adherence support needs to start as soon as individuals initiate ART and continue lifelong.
This research study has a few limitations. We included all individuals who would have been on ART for 12 months by the time of database closure, rather than restricting our analyses to only those individuals who remained in the trial for the 12-month period. This reduces the likelihood of selection bias. The downside, however, was the large numbers of missing visits observed as individuals only contributed data for the duration they were present in the study. If disengagement from care was related to poor adherence, then we could have overestimated adherence and virological suppression in the trial. We examined adherence during the first 12 months of ART, hence our findings cannot be extrapolated to adherence lifelong.
The main strength of our analysis is that it was nested within a cluster-randomized trial, so that individuals initiated ART based on the initiation criteria assigned to the cluster in which they were resident, rather than self-selecting when to start ART. This could have mitigated against any bias that might be introduced if individuals choosing to start ART at higher CD4 counts were more motivated and hence more likely to adhere. To the best of our knowledge, this is the first study examining the association between CD4 count at ART initiation and sub-optimal adherence in individuals initiating ART at higher CD4 counts in the African Setting.
| CONCLUSIONS
We found no evidence of a significant relationship between CD4 count at ART initiation and sub-optimal adherence during the first 12 months of ART, using two different measurements of adherence. With two large trials showing individual health benefits of initiating ART early [2, 3] and the WHO 2015 ART guidelines recommending HIV treatment regardless of CD4 count [1] , a policy already adopted by South Africa [4] , this result should alleviate any concern about adherence in individuals initiating ART at higher CD4 counts, at least during the first 12 months after ART initiation. This study also provides much needed evidence on the relationship between adherence and virologic suppression in this setting and supports the UNAIDS 90-90-90 target.
SUPPORTING INFORMATION
Additional Supporting Information may be found online in the Supporting Information section at the end of the article: Figure S1 . VAS adherence at each visit, among patients with CD4 count <350 at ART initiation (top-1A) and CD4 count ≥350 (bottom-1B). Figure S2 . Pill count adherence at each visit, among patients with CD4 count <350 at ART initiation (top-2A) and CD4 count ≥350 (bottom-2B). Figure S3 . Viral suppression and mean adherence over 6 months as measured by VAS (2A) and pill counts (2B).
